n BACKGROUND AND OBJECTIVE: To investigate the morphological substrate of the changes in visual function in eyes with retinitis pigmentosa and good visual acuity using spectral-domain optical coherence tomography (SD-OCT).
INTRODUCTION
Retinitis pigmentosa is a group of inherited disorders characterized by progressive photoreceptor degeneration. Patients usually present with peripheral visual field loss together with night vision loss. 1 Fundus examination typically shows retinal vessel attenuation and bone spicule formations in the midperiphery, whereas electroretinography manifests severely affected photoreceptor (predominantly rod) function. 1 As the disease progresses, central vision can also be affected, 2, 3 which can substantially alter the patient's capability of S45 coping with daily functions. Because the peripheral vision in patients with retinitis pigmentosa is highly compromised, the remaining central vision is mainly associated with functional vision and is commonly used to monitor disease progression.
Snellen visual acuity is widely used as a means to evaluate central vision based on high contrast images. In everyday life, patients need to distinguish objects that show great variation in shape, luminosity, color, or contrast. Specific examinations are used for the assessment of more complicated aspects of the patients' functional vision, such as contrast sensitivity and color vision tests. These elements may be impaired in patients with retinitis pigmentosa, despite their Snellen acuity being essentially normal. 4, 5 In recent years, our understanding of the anatomical substrate of the changes in visual function of patients with retinitis pigmentosa has improved with the use of newly developed imaging modalities, such as spectral-domain optical coherence tomography (SD-OCT). The latter provides enhanced visualization of the structure of the retinal layers, including the photoreceptor layer, which is primarily affected in patients with retinitis pigmentosa. 6 The purpose of the current study was to investigate the anatomical substrate of the changes in central visual function of patients with retinitis pigmentosa who retained relatively good visual acuity, using SD-OCT. In particular, we searched for possible correlations between central visual function, assessed by means of spatial contrast sensitivity and color vision testing, and macular structure/morphology, assessed by SD-OCT.
PATIENTS AND METHODS

Patient Selection
Seventeen patients with retinitis pigmentosa participated in this study. The median age was 37 years (range: 16 to 66 years). There were 10 males and 7 females. Two patients had autosomal dominant retinitis pigmentosa, 6 had autosomal recessive disease, and 6 were simplex cases (with no known positive family history). Three patients had Usher type 2 disease, a combination of retinitis pigmentosa and congenital neurosensory deafness, inherited in an autosomal recessive way.
All patients underwent a comprehensive ophthalmic examination including contact lens fundus examination, visual field testing by static and kinetic perimetry, fundus photography, and full-field electroretinography, according to the International Society for Clinical Electrophysiology of Vision standards. 7 The clinical diagnosis of retinitis pigmentosa was established by a retinal specialist. It was based on the patients' history of poor night vision in addition to peripheral field loss, markedly reduced or non-detectable a-and b-wave amplitudes on electroretinogram testing, and characteristic fundus findings in ophthalmoscopy, including attenuated retinal vessels and bone spicule pigment clumping present in the midperiphery.
Exclusion criteria comprised the presence of cystic macular changes, atrophic macular lesions, or epiretinal membranes affecting the macula. Only patients with no or clinically insignificant lens opacities were accepted. Our patient group included patients with best-corrected visual acuity (BCVA) of 20/40 or better. We arbitrarily chose not to include in the study patients with BCVA worse than 20/40 because they would possibly have some of the aforementioned macular changes or would be incapable of maintaining good fixation. Moreover, eyes were excluded if there was a refractive error greater than ± 4.0 diopters spherical or ± 2.0 cylindrical. Participants with atypical forms of retinitis pigmentosa (such as sector or unilateral retinitis pigmentosa) and those who manifested other forms of retinal pathology were not included in this study.
All registered patients underwent BCVA measurement with back illuminated Snellen optotypes at 6 m while wearing their best refractive correction. Visual acuity was reported using the logarithm of the minimum angle of resolution (LogMAR) scale for statistical purposes.
Psychophysical Tasks
Spatial Contrast Sensitivity. Contrast sensitivity testing was performed with the Mentor B-Vat II Video Acuity Tester (Mentor O&O, Inc., Norwell, MA), which generates sine wave gratings with various spatial frequencies and different contrasts, displayed on a cathode ray tube monitor with a mean luminance of 85 cd/m 2 . The screen measures 28 cm diagonally, subtending 5.3° at the 3 m viewing distance. Contrast threshold was measured in five spatial frequencies: 2, 3, 6, 12, and 20 cycles per degree of visual angle (cpd). Threshold was determined using a three-alternative forced-choice staircase procedure with a converging performance level of 70% in which patients were required to identify the orientation of gratings, which lie either vertical or obliquely oriented to the right or left by 14°. Stimulus contrast was reduced after two correct responses and increased after one incorrect response. Twenty values of contrast were available for each spatial frequency, ranging between 0.10% and 98%. Contrast was changed in steps of 0.2 log units (for contrast 0.10% to 16%) and in steps of 0.1 log unit (for contrast 16% to 98%). Threshold was calculated as the mean of the last eight contrast reversals.
Patients were wearing their best refractive corrections. Contrast sensitivity testing was performed with room lights on. Each eye was examined separately and the right eye was always tested first. The findings from the eyes with retinitis pigmentosa were compared to those of 34 eyes of 17 participants (10 males and 7 females) with normal ocular examination and BCVA of 20/20 or better. The median age of the control group was 36 years (range: 19 to 66 years). There was no significant difference in age between cases and controls (P = .56, Mann-Whitney U).
For each eye examined, spatial frequency and contrast sensitivity were plotted as logarithmic values and a graph expressing contrast sensitivity function at the selected five frequencies was made. For statistical reasons, the area under the log contrast sensitivity function (AULCSF) was determined according to the method of Applegate et al. 8 The log of contrast sensitivity was plotted as a function of log spatial frequency, and third order polynomials were fitted to the data. The fitted function was integrated between the fixed limits of log spatial frequency of 0.3 (corresponding to 2 cpd) and 1.3 (20 cpd), and the resulting value was defined as the AULCSF.
Color Vision Testing. Color vision was assessed with the Farnsworth-Munsell 100-Hue Test (Luneau Ophtalmologie, Paris, France). The examination was 
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performed monocularly with the right eye always tested first. None of the patients were familiar with the examination procedure. The patients viewed the test caps from a distance of 40 cm while wearing the appropriate refractive correction. Each cap subtended an angle of approximately 3.4°. Illuminance was approximately 1,700 lx, provided by C-light. The test procedure was explained to the patients and performed according to the instructions proposed by Farnsworth. 9 The total error score (TES) was calculated manually according to the manual instructions. 9 Polar diagrams were plotted and the axis of confusion was determined by visual inspection of the diagrams. The TESs were transformed in square roots (=TES) because this transformation normalizes their distribution and has been widely adopted in the literature.
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Optical Coherence Tomography. All patients submitted to OCT examination with high-definition SD-OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Inc., Jena, Germany). Scanning was performed with the 512 3 128 protocol, where a 6 3 6 mm 2 area on the retina is scanned with 128 horizontal lines, each consisting of 512 A-scans. The average retinal thickness at the 6 3 6 mm 2 scan area (cube average thickness, CAT) and the thickness at the central Early Treatment Diabetic Retinopathy Study (ETDRS) subfield (central subfield thickness, CST) were measured using the system's software internal algorithm for retinal thickness measurements. Retinal thickness applies to the area under the internal limiting membrane to the level of the retinal pigment epithelium. The retinal thickness values of the patients with retinitis pigmentosa were compared to a normal database that we had previously developed for the specific SD-OCT instrument and acquisition conditions, based on 62 eyes of 31 healthy participants, 17 females and 14 males, aged 11 to 77 years (median: 58 years). There was no significant difference between cases and controls with respect to age (P = .34, MannWhitney U).
Moreover, patients with retinitis pigmentosa were tested with the enhanced high-definition 5-line raster scan protocol. The parameters of the scan were 0° scan angle, 0.25 mm spacing, and 6 mm scan length. The protocol provides improved resolution, which enhances visualization of outer retinal layers. We used horizontal scans passing through the center of the fovea to measure the length (distance from the nasal to the temporal limit) of the hyperreflective band that corresponds to the photoreceptor inner segment/outer segment (IS/OS) junction (Figure 1 ). It has been previously shown that the presence of a continuous IS/OS junction in the foveal region correlates positively with visual acuity in patients with retinitis pigmentosa. 11 Therefore, a continuous IS/OS junction is likely to reflect relatively preserved photoreceptor-retinal function and the length of the preserved IS/OS junction may be associated with residual central visual function. The horizontal length of the preserved IS/OS junction was measured manually, using SD-OCT software, by two examiners (GGY and MIS) and any discrepancies were resolved after discussion. Grayscale images were used for better identification of the IS/OS junction. 12 As far as both OCT protocols are concerned, horizontal scans were performed through the center of the fovea and those with the best signal quality were selected. Moreover, the total area scanned by OCT included the area screened by the contrast sensitivity gratings and Farnsworth-Munsell 100-Hue Test caps. The examination was performed with dilated pupils (tropicamide 0.5%, phenylephrine hydrochloride 10%).
Informed consent was obtained from all participants. The research was conducted in accordance with the tenets of the Declaration of Helsinki and was approved by the University Hospital of Ioannina ethics committee.
Statistical Analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS version 17.0; SPSS, Inc., Chicago, IL). The Mann-Whitney U test was used for comparisons of contrast sensitivity or OCT values between normal eyes and eyes with retinitis pigmentosa.
We investigated possible correlations between the retinal thickness/structure (assessed by SD-OCT) and central visual function, in particular contrast sensitivity (AULCSF) and color vision (Farnsworth-Munsell 100-Hue Test error score). The Spearman rank correlation test was used. All probabilities were results of two-tailed tests. A P value of .05 or less was considered statistically significant.
RESULTS
Thirty eyes of 17 patients were eligible for this prospective study. Four eyes of four patients did not meet the inclusion criteria due to macular pucker, macular cysts, visual acuity worse than 20/40, and presence of a vascular tumor, respectively. The general characteristics of the patient group are summarized in Table 1 . 
Visual Function
Contrast Sensitivity Testing. Contrast thresholds for spatial frequencies of 2, 3, 6, 12, and 20 cpd were evaluated for 30 eyes with retinitis pigmentosa and 34 normal eyes. There was no significant difference (P > .05) between the results of the right and left eyes, for both groups. The contrast thresholds of the affected eyes were compared to those of the normal eyes, for every spatial frequency separately. Results are depicted in Figure 2 . Eyes with retinitis pigmentosa manifested impaired contrast sensitivity in all five spatial frequencies. The difference in spatial contrast sensitivity between the two groups was statistically significant, mainly regarding medium to high (6 cpd) and high (20 cpd) spatial frequencies.
The AULCSF values were calculated for the eyes with retinitis pigmentosa and the healthy eyes in an attempt to yield a quantitative measure of spatial con- Table 2 . The median TES was 238 (range: 24 to 622). Twenty-five eyes (83%) had a pathologic TES, meaning above the 95th percentile upper limit of the normal total score proposed by Verriest 13 for the respective age group, and only 5 eyes (17%) had a normal TES. Among the eyes that manifested a pathologic score (n = 25), 12 (48%) had a blueyellow axis of confusion, 1 (4%) had a red-green axis, and in 12 eyes (48%) there was no specific axis.
The difference between the total scores of the right and left eyes (which could be due to fatigue or familiarization with the test procedure) was not statistically significant for the specific patient group (P = .249).
Retinal Morphology Structure
The CAT, CST, and extent of preserved IS/OS junction for the affected eyes were evaluated ( Table 3 ). The median CAT was 235 µm (range: 182 to 283 µm) and the median CST was 225 µm (range: 141 to 318 µm). The retinal thickness values of the eyes with retinitis pigmentosa were compared to our normal database consisting of 62 eyes that had median CST of 257 µm (range: 189 to 310 µm) and median CAT of 280 µm (range: 229 to 316 µm). The eyes with retinitis pigmentosa manifested significantly lower values for CST (Z = -2.811, P = .005) and especially CAT (Z = -6.909, P < .001) compared to normal eyes (Mann-Whitney U test).
Additionally, on SD-OCT scans of the eyes with retinitis pigmentosa, the IS/OS junction appeared as a continuous, distinct line in a well-defined central region, surrounded by an area where the IS/OS lamina was extinguished. The median length of preserved IS/ OS junction was 1,293 µm (range: 344 to 3,930 µm). Table 3 shows IS/OS measurements for all 30 eyes. Interestingly, an almost total lack of the continuous line corresponding to the IS/OS junction was observed in the macular area in both eyes of one patient. For statistical reasons, the patient's eyes were excluded from statistical correlations regarding the IS/OS.
Correlations Between Visual Function and SD-OCT Characteristics
The investigators assessed potential correlations between SD-OCT findings and psychophysical measures of visual function (contrast sensitivity, color vision). Contrast sensitivity (AULCSF) correlated significantly with the SD-OCT measurements. The strongest correlation pertained to the photoreceptor IS/OS length (Spearman's r s = 0.719, P < .001), followed by CST (r s = 0.672, P < .001). A moderate correlation was found between contrast sensitivity and CAT (r s = 0.422, P = .025).
Moreover, the square root of the FarnsworthMunsell 100-Hue Test error score (=TES) correlated well with both IS/OS length and CST. The strongest correlation pertained to IS/OS length (r s = -0.725, P < .001), followed by CST (r s = -0.661, P < .001), whereas there was a weak, non-significant correlation between =TES and CAT (r s = -0.343, P = .074).
The scatter plots that correspond to the above correlations are shown in Figure 3 (panels A-F).
DISCUSSION
We evaluated contrast sensitivity and color vision in a comprehensively selected group of patients with retinitis pigmentosa and relatively good visual acuity and searched for possible correlations between visual function (assessed by the above tests) and retinal structure, evaluated by SD-OCT. The results of contrast sensitivity and color vision tests correlated well with structural changes evident on the respective OCT scans, especially those regarding the preserved IS/OS length and the foveal thickness.
In particular, the spatial contrast sensitivity of the eyes with retinitis pigmentosa was significantly affected compared to normal eyes, which was in agreement with previous reports. 4, 14 The contrast sensitivity loss pertained to a wide spectrum of spatial frequencies (from 2 to 20 cpd) and was more pronounced at medium to high (6 cpd) and high (20 cpd) frequencies. A more prominent decline of contrast sensitivity at high frequencies has been previously reported 4, 15 in patients with retinitis pigmentosa and attributed to the uniform increase in intercone spacing in the respective foveas. 14 Moreover, the Farnsworth-Munsell 100-Hue Test revealed substantial defects in color perception in the vast majority of tested eyes. When an axis was detected in the polar diagrams, it was almost always blue-yellow. Patients with retinitis pigmentosa and relatively good visual acuity may have color vision defects, according to prior evidence. 5, 16, 17 A blue-yellow defect is rather common, mainly in visual acuities better than 20/40. 16, 17 According to our OCT findings, average foveal thickness was markedly decreased in eyes with retinitis pigmentosa. More significant retinal thinning was evident for a 6 3 6 mm 2 area of central retina, which was expected based on the fact that retinitis pigmentosa affects primarily the peripheral retina and progresses toward the foveal region. 1, 6 An earlier study 18 found a significant decrease in the foveal outer segment/pigment epithelium thickness in patients with retinitis pigmentosa, whereas the total retinal thickness at the center of the fovea was comparable to that of normal participants. However, they used a smaller sample size and different study design OCT parameters compared to our study, which may account for the discrepancy. Wolsley et al. found an increase in mid-inner retinal thickness and a greater decline in photoreceptor layer thickness with increasing eccentricity in patients with retinitis pigmentosa with good visual acuity. 19 We speculate that, in our patients who had well-preserved central visual function and no macular cysts, the retinal thinning corresponds to structural abnormalities in the central retina, which primarily affect the photoreceptor layer (thickness) and are more prominent with increasing distance from the center of the fovea.
Moreover, the IS/OS junction of the eyes with retinitis pigmentosa appeared as a continuous, distinct line in a well-defined central region, surrounded by an area where the IS/OS was absent. It has been previously shown that eyes with a visible IS/OS junction line and especially those with a continuous IS/OS line greater than 0.5 mm have better visual acuity than eyes in which the IS/OS is absent. 11 Our study included only eyes with good visual acuity; therefore, the presence of a continuous IS/OS line at the center of the macula on OCT scans is in line with prior evidence. However, both eyes of one patient, with LogMAR BCVA of 0.15 and 0.30, respectively, exhibited a total absence of the IS/OS line in the central retina. Other factors, such as remodeling of the inner retina, which has been documented in retinitis pigmentosa, 20 may also play an important role and account for the relative preservation of visual function despite severe structural changes evident on OCT.
In the current study, we found significant correlations between psychophysical test results and SD-OCT measurements. The strongest correlations pertained to contrast sensitivity and color vision and IS/OS length. It is well known that the degenerative changes in retinitis pigmentosa primarily affect the photoreceptors, which present with short or absent outer segments. 6 Therefore, the central area where the IS/OS junction appears as a continuous and well-defined line possibly corresponds to a region with relatively preserved photoreceptor structure and function compared to the surrounding retina. The IS/OS length correlates well with visual acuity in patients with retinitis pigmentosa, according to previous work. 11, 21 The length of the preserved IS/OS junction is possibly related to the status of the foveal photoreceptors-cones, which is reflected on the performance in color vision and contrast sensitivity tests. Additionally, a greater IS/OS length corresponds to a wider central area with preserved photoreceptor function; in that case, the region scanned by the contrast sensitivity gratings is less likely to include or be adjacent to scotomas that reduce the perception of the gratings.
Furthermore, we found a significant correlation between central visual function (contrast sensitivity and color vision) and foveal thickness. An association between foveal thickness and visual acuity in retinitis pigmentosa has been previously reported. 22 Our results suggest that the retinal thickness at the fovea is a significant marker of foveal health in patients with retinitis pigmentosa with good visual acuity. Average thickness at a 6 3 6 mm 2 area (CAT) did not correlate well with the Farnsworth-Munsell 100-Hue Test TES; the fundus area covered by the Farnsworth-Munsell 100-Hue Test cap essentially corresponds to the fovea. Therefore, TES is expected to correlate better with foveal thickness. Conversely, the contrast sensitivity gratings subtend a larger area in the central retina (approximately 1,500 µm). Thus, there is a degree of correlation between contrast sensitivity and CAT, which covers the entire region screened by the contrast sensitivity gratings.
In the current study, there were 5 eyes with normal color discrimination. The respective visual acuities were LogMAR 0.05 to 0.0 and the contrast sensitivity values were within the range of the normal participants, as were their retinal thickness values. The presence of normal function and structure in the central retina has been previously documented in retinitis pigmentosa. 23 However, there were also eyes with wellpreserved structure but substantially impaired function. Therefore, a preserved morphology on OCT does not necessarily correspond to good visual function and should always be considered along with the results of complementary testing.
A limitation of the current study was the small sample size, mainly due to the fact that we excluded patients with BCVA worse than 20/40 and macular pathologies to minimize noise arising from such conditions. Moreover, measurements of the retinal thickness in the area that corresponded exactly to our contrast sensitivity gratings were not possible with the software of the OCT instrument used in our research. Therefore, retinal thickness was measured in the foveal region and in a wider area including that screened by the gratings.
Our data suggest that patients with retinitis pigmentosa and good visual acuity may present differences in central retinal structure on SD-OCT compared to normal participants. Evaluations of the retinal thickness, particularly in the foveal region, and IS/OS junction length with high-resolution OCT correspond well to clinical measures of residual central visual function, such as contrast sensitivity and color discrimination. In patients with retinitis pigmentosa, perception of color and contrast, which may be affected despite good visual acuity, is associated with residual functional vision. Therefore, SD-OCT essentially provides in vivo valuable clinical information concerning the patients' functional vision. The potential of objective and accurate evaluation of the central functional vision in patients with retinitis pigmentosa may improve their monitoring and also apply to identification of patients with preserved visual acuity who are suitable for participating in therapeutic clinical trials.
